Nonketotic hyperglycinemia is a life-threatening disorder in neonates characterized by a deficiency of the glycine cleavage system. We report on four cases of the neonatal form of the disease, which were investigated by in vitro 1 H magnetic resonance spectroscopy of blood and cerebrospinal fluid, and in vivo 1 H magnetic resonance spectroscopy of brain. The existence of glycine disposal pathways leading to an increase in lactate in fluids and creatine in fluids and brain was demonstrated. This is the first observation of elevated creatine in brain in nonketotic hyperglycinemia. A recurrent decrease of glutamine and citrate was observed in cerebrospinal fluid, which might be related to abnormal glutamine metabolism in brain. Finally, the cerebral N-acetylaspartate to myo-inositolglycine ratio was identified as a prognostic indicator of the disease. (Pediatr Res 52: 292-300, 2002) Abbreviations Cho, choline tCr, total creatine CSF, cerebrospinal fluid DX, dextromethorphan GA, gestational age GCS, glycine cleavage system Glx, glutamateϩglutamine Gly, glycine GS, glutamine synthetase Ins, myo-inositol MRI, magnetic resonance imaging MRS, magnetic resonance spectroscopy NAA, N-acetylaspartate NKH, nonketotic hyperglycinemia SB, sodium benzoate NKH is an inborn error of autosomal recessive inheritance in which Gly catabolism shows a deficiency of the GCS causing the accumulation of Gly in all body tissues. The neonatal form of the disease is characterized by postnatal onset of lethargy, hypotonia, myoclonic jerks, and apnea generally leading to death during early infancy. The outcome of surviving patients is poor because they develop severe neurologic defects and mental retardation. The pathophysiology of NKH has been attributed to an overstimulation of the excitatory N-methyl-D-aspartate receptors in the cerebral cortex (1, 2). NKH is characterized by elevated concentrations of Gly in plasma, CSF, and brain (3) with a CSF glycine to plasma glycine ratio greater than 0.08. The diagnosis is definitively established after measurement of hepatic GCS activity (1, 2). At autopsy, the brain GCS activity is considerably reduced or nil (2). This enzymatic defect has also been identified in fibroblasts (2) and lymphoblasts (4, 5), which suggests that NKH pathophysiology may result from a general metabolic problem. However, the emphasis in NKH case reports is indeed on brain damage. MRI of the brain generally shows dysgenesis of the corpus callosum, delay in myelination, vacuolation, and gliosis. Acute hydrocephalus has also been detected in rare cases (6). At autopsy, spongiform degeneration of white matter and astrocytic gliosis associated with neuronal loss are frequent (7, 8) . None of the current treatments is satisfactory. Administration of SB/DX combination associated with Gly dietary restriction is one of the current therapies. SB conjugates Gly to form hippurate, which is excreted in urine, and DX is a moderate noncompetitive antagonist of the N-methyl-D-aspartate channel. However, the outcome of children responding to this therapy remains poor with severe retardation. 
NKH is an inborn error of autosomal recessive inheritance in which Gly catabolism shows a deficiency of the GCS causing the accumulation of Gly in all body tissues. The neonatal form of the disease is characterized by postnatal onset of lethargy, hypotonia, myoclonic jerks, and apnea generally leading to death during early infancy. The outcome of surviving patients is poor because they develop severe neurologic defects and mental retardation. The pathophysiology of NKH has been attributed to an overstimulation of the excitatory N-methyl-D-aspartate receptors in the cerebral cortex (1, 2) . NKH is characterized by elevated concentrations of Gly in plasma, CSF, and brain (3) with a CSF glycine to plasma glycine ratio greater than 0.08. The diagnosis is definitively established after measurement of hepatic GCS activity (1, 2) . At autopsy, the brain GCS activity is considerably reduced or nil (2) . This enzymatic defect has also been identified in fibroblasts (2) and lymphoblasts (4, 5) , which suggests that NKH pathophysiology may result from a general metabolic problem. However, the emphasis in NKH case reports is indeed on brain damage. MRI of the brain generally shows dysgenesis of the corpus callosum, delay in myelination, vacuolation, and gliosis. Acute hydrocephalus has also been detected in rare cases (6) . At autopsy, spongiform degeneration of white matter and astrocytic gliosis associated with neuronal loss are frequent (7, 8) . None of the current treatments is satisfactory. Administration of SB/DX combination associated with Gly dietary restriction is one of the current therapies. SB conjugates Gly to form hippurate, which is excreted in urine, and DX is a moderate noncompetitive antagonist of the N-methyl-D-aspartate channel. However, the outcome of children responding to this therapy remains poor with severe retardation. 1 H MRS study evidenced an increase in the resonance common to Glx in the frontal white matter (11) . Taken together, these results suggest profound changes of brain metabolism in NKH disease. The aim of this study was to investigate metabolic disorders in NKH patients using high-resolution 1 H MRS of blood serum and CSF and localized in vivo 1 H MRS of the brain. This in vivo/in vitro concerted approach was designed to study metabolic alterations affecting the CNS whenever it was compatible with medical ethics and the constraints of the administration of a palliative treatment. We present a report on four cases of the neonatal form of NKH. The therapeutic course of the patients was routinely monitored by chromatography of amino acids. 1 H MRS of biologic fluids aided in elucidating original brain metabolite variations that amino acid chromatography could not fully explain. The correlation between in vitro and in vivo MRS observations led to the identification of biochemical perturbations, potentially involved in NKH pathophysiology, which had gone undetected in the past.
METHODS

Patients.
A summary of the biochemical features of patients is reported in Table 1 . All patients were born after uneventful pregnancy and delivery. All of them had hypotonia, apnea, myoclonic jerks, and seizures. EEG showed a burst suppression pattern in all cases. Patients were diagnosed with NKH on the basis of Gly concentration in blood and CSF and assessment of hepatic GCS activity (Table 1) . Patient 1: This baby girl had general iminoglycinuria at birth [hydroxyproline, 335 mmol/mol creatine (normal, Ͻ149 mmol/mol creatine) and proline, 82 mmol/mol creatine (normal 0 -68 mmol/mol creatine)], probably because Gly, proline, and hydroxyproline share the same renal carrier. High levels of proline, hydroxyproline, serine, methionine, cysteine, and alanine were detected in blood. Alanine was elevated in CSF. Treatment with vigabatrin and phenobarbital reduced the frequency of seizures. At 10 mo, the administration of SB (4 g/d) and DX (40 mg/kg) was instituted. Dosages were progressively increased to 6 g/d of SB and 110 mg/d of DX. The patient has continued on this regimen to the present time and is currently (age 8 y) seizure free. Neurologic and psychomotor development improved slowly but significantly on treatment. She remains severely retarded, but she has a few milestones and shows signs of social behavior. Patient 2: This baby girl was unresponsive to any external stimulus and was gavage-fed. At 6 mo, she was referred to our hospital. She was treated with SB (4 g/d), DX (50 mg/d), phenobarbital, diazepam, clonazepam, and vigabatrin. A reduction of the frequency of seizures was noticed. However, this treatment was not well tolerated, and the infant became agitated and inconsolable, which prompted DX withdrawal after 2 mo. Shortly thereafter, the neurologic status deteriorated with the appearance of a high-pitch cry and seizures. This patient did not respond to SB treatment and remained throughout her life hypotonic, lethargic, and unaware of her surroundings. Patients 3 and 4 had a similar course and died of an overwhelming form of NKH before any SB/DX treatment could be started. They both had a general increase in blood and CSF amino acids at birth. They were profoundly lethargic, with feeding difficulties and respiratory distress, which required respiratory support. In Patient 3 mild hyperammonemia was detected (65.3 M, normal Ͻ35 M). French ethics committees for research on patients approved the study, and parents provided written informed consent.
Serum and CSF 1 H MRS analysis. Paired samples of serum and CSF (unless otherwise stated) were analyzed. Lumbar punctures were performed for clinical reasons and not for the sole purpose of the current study. Samples were prepared following a method extensively described in a previous paper (12) . Serum was preferred to plasma for 1 H MRS to eliminate signals from plasma proteins. 1 H MRS was performed at 400 MHz on a Bruker AM 400 WB spectrometer (Wissembourg, France) equipped with a wide bore 9.4 T magnet and a quadronucleus 5-mm probe. 3(trimethylsilyl)propionic-2,2,3,3-d4 acid was used as an internal standard for chemical shift and concentration. Data were processed using the NMR1 software (New Methods Research Inc, Syracuse, NY). After zero-filling, apodization (LB ϭ 0.5 Hz), Fourier transform, phase, and baseline corrections spectra were integrated. Areas of overlapping signals were fitted using the NMR1 deconvolution procedure. For CSF analysis, chromatographic reference values were given in the absence of control values obtained by 1 H MRS for pediatric populations. Control values for organic acids are from the literature (13) . Reference values for serum were obtained from a group of 15 children (age range, 2-15 y) who had been admitted to the hospital with a suspicion of neurologic disorder but in whom further examination confirmed the absence of any neurologic pathology. A large-scale investigation of healthy neonates, infants, and children would be helpful to precisely define age-related metabolite concentrations in blood and CSF. However, such a study would not be ethically justifiable.
Chromatography. Ion-exchange chromatographic analysis of amino acids in CSF and blood plasma was performed as part of the clinical routine on a Beckmann AAA 6300 Gold analyzer (Paris, France).
MRI and localized 1 H MRS of brain. Examination of the patients was performed on a Siemens Magnetom SP63 equipped with a 1.5-T magnet (Erlangen, Germany). None of the children was sedated. Localization was performed on T 1 -weighted MR images and T 2 -weighted MR images. Proton MRS (256 scans) was carried out using the STEAM sequence (stimulated echo acquisition mode) with TE ϭ 20 ms, TM ϭ 30 ms (mixing time), TR ϭ 1500 ms, and a volume of interest of 2 ϫ 2 ϫ 2 cm 3 located in the occipitoparietal white matter. Short echo time sequences were selected to obtain the most informative spectra while minimizing discomfort for patients. Age is critical because 1 H MRS reflects the maturational changes occurring during the course of early brain development (14 -16) . Therefore, in the absence of infants in our control population, the age-related curves for cerebral metabolites published by Kreis et al. (15) were used to provide normal values from age-matched control subjects. This comparison was possible because similar methods and conditions were used (STEAM sequence performed in the parietal white matter, TE ϭ 30 ms, TM ϭ 13 ms, TR ϭ 1500 ms). Control spectra were also acquired from four healthy children (age range, 3-6 y). As a matter of fact, brain creatine reaches its definitive concentration about the age of 80 wk GA and Ins-Gly about 130 wk GA (15) . Therefore, the brain spectra recorded from these four healthy controls are relevant for the interpretation of the results obtained on tCr and Ins-Gly levels after the age of 80 wk and 130 wk GA, respectively. Data were processed using the GIFA software (Centre de Biologie Structurale, Montpellier, France) and the IDL software (Interactive Data Language Research Systems, Boulder, CO, U.S.A.). Data processing consisted of zero-filling, gaussian filtering (2 Hz), Fourier transformation, zero-order phase correction, and manual baseline correction. The spectra were referenced to creatine (3.04 ppm). No line-fitting procedure was performed before peak integration. The signals stemming from Ins-Gly, Cho, creatine, and phosphocreatine (tCr), NAA, and Glx were integrated. Owing to technical limitations at the time of the MRS experiment, an aliasing of the lipid region was frequently observed on the spectrum and limited the accuracy of the determination of the brain lactate concentration. For Glx, the spectral regions corresponding to ␤ and ␥ protons were integrated. Results were either expressed as ratios of the relative area of each metabolite signal to the sum of all metabolite signal areas (S) or as ratios of metabolites (NAA/tCr, Cho/tCr, and Ins-Gly/tCr). The evolution of these ratios was expressed as a function of GA to make comparison with the age-related normative curves published by Kreis et al. (15) . GA refers to the age of the subject in weeks (including the weeks of gestation). Glx peak amplitude was significantly higher when using TE ϭ 20 ms; therefore no comparison was performed for the Glx/tCr ratio. The integration values were not corrected for T 1 or T 2 (15) .
RESULTS
Blood and CSF analysis in the absence of any SB/DX treatment. In addition to high levels of Gly in blood and CSF, the following observations were made. Among the four patients, two of them (patients 1 and 3) had an analysis of blood by 1 H MRS (Table 2 ). Hyperlactacidemia was detected in both cases. Creat and pyruvate were elevated in patient 1 but normal in patient 3. The general increase in blood and CSF alanine observed at birth was still present in patient 1 at 10 mo (83 wk GA, Tables 2 and  3 Figure 1 . A major reduction of CSF citrate was noticed in all cases (Table 2) . CSF glutamine was below the normal range in patients 1 and 3 (Tables 1 and 2 ). In addition, patients 1 and 2 had an increased concentration of lactate in CSF whereas a high level of pyruvate was detected in patient 1 only.
Blood and CSF analysis after institution of SB/DX treatment. In patient 1, blood chromatography and 1 H MRS of serum showed that Gly concentration had been lowered on treatment, although it was still above the normal range (Tables  2 and 3 ). A reversed tendency was observed at 53 mo (270 wk GA), when a rise in Gly was detected in spite of an increasing dosage of SB/DX. The hyperaminoacidemia observed at birth was reduced on treatment until the age of 6 (353 wk GA), when an increase in all amino acids occurred. From the age of 31 mo (174 wk GA), Glx were measured by chromatography as a pair of metabolites; however, 1 H MRS of serum showed that glutamine was generally within the normal range. Lactate and creatine (Table 2) were frequently high. Pyruvate normalized instantly on treatment. The analysis of CSF revealed that the decrease observed in plasma Gly was paralleled by a slight reduction in CSF Gly as observed by chromatography. 1 H MRS results were inconclusive in that regard. CSF glutamine was often low as observed by chromatography and 1 H MRS, whereas high concentrations in proline and alanine were persistent. Pyruvate concentration, which was high in the first years of therapy, normalized with increasing dosage of SB/DX, but citrate remained low. In patient 2, blood chromatography showed a dramatic decrease in Gly concentration at the end of life whereas cysteine, proline, and alanine were significantly elevated (Table 3) . Chromatography and 1 H MRS of CSF showed that from 7 to 9 mo (70 to 78 wk GA), Gly concentration increased considerably although plasma Gly dropped, which confirmed that patient 2 was rather unresponsive to treatment (Tables 2 and 3 ). Glutamine was often reduced and citrate was extremely low, whereas proline, alanine, and creatine were increased.
MRI of brain. The T 1 -weighted images recorded for patient 1 demonstrate a thin corpus callosum (Fig. 2A) . Cortical and subcortical atrophy were detected on axial T 2 -weighted images (Fig. 2B) . Interestingly, axial T 2 -weighted images show a reduction of the cortical atrophy with time and treatment (Fig.  2, bottom) and delayed but progressive myelination. The improvement of the cortical atrophy is characterized by a slight reduction in the size of the lateral ventricles and a clear reduction in the thickness of the sulci. In the case of patient 2, a severe dysgenesis of the corpus callosum was detected on coronal and sagittal T 1 -weighted images (Fig. 3, top) . The long-term follow-up of this patient demonstrated no progression of the cortical atrophy that was noticed on the first axial T 2 -weighted MR image (Fig. 3, bottom) . Moreover, there was no progression of brain myelination during this follow-up.
Localized 1 H MRS of brain. The results are expressed as peak area ratios that are representative of concentration ratios, but can under certain conditions be modified by relaxation times. Figure 4 shows the evolution of brain metabolites with age and treatment in patients 1 and 2. Table 4 provides age-matched comparison for Ins-Gly/tCr, NAA/tCr, and Cho/ tCr. In patient 1, Ins-Gly/tCr was significantly higher than normal at 79 wk GA (ϩ70% compared with age-matched control subjects) but regained normal value soon after the institution of SB/DX treatment. NAA/tCr was always within the normal range when compared with the control values from the literature. Cho/tCr was variable but tended to decrease and was lower than the age-matched control value at the age of 6 y (353 wk GA; Table 4 ). The evolution of brain metabolite profile displayed in Figure 4 and Table 4 shows a reduction of Ins-Gly/S and a concomitant increase of all metabolites after the institution of SB/DX treatment. However, Ins-Gly/S regained its initial value by the age of 353 wk GA. Cho/S was occasionally low, whereas tCr/S and NAA/S increased progressively (Table 4) . At the age of 6 y (353 wk GA), Ins-Gly/S, Cho/S, and NAA/S were within the normal range whereas tCr/S was slightly higher than in age-matched control subjects (Fig. 4) . The NAA/Ins-Gly ratio, which was extremely low before the onset of therapy, recovered thereafter and remained close to normal (Fig. 5) . In patient 2 a different metabolic pattern was observed. The Ins-Gly/tCr ratio was always higher than normal. At the age of 7 mo (70 wk GA), this ratio was 70% higher than the reference value. NAA/tCr decreased to subnormal values with age and treatment; Cho/tCr, although variable, was within the normal range (Table 4 ). Figure 4 shows that Ins-Gly/S was significantly higher than in patient 1. This ratio declined with increasing age and treatment. A tem- The analysis was performed on the CSF of patient 2 at the age of 8 mo. The spectrum shows a high level of Gly, elevated concentrations of pyruvate and alanine, reduced contents of citrate and glutamine. Inset, expansion of the region containing Gly. Assignations: 1, (trimethylsilyl)propionic-2,2,3,3-d4 acid; 2, ␣-hydroxybutyrate; 3, ␣-aminobutyrate; 4, leucine; 5, isoleucine; 6, valine; 7, ␤-hydroxybutyrate; 8, lactate; 9, alanine; 10, lysine; 11, acetate; 12, N-acetyl compounds; 13 
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porary rise in all metabolites was noticed after the institution of SB/DX regimen. There was a marked trend for tCr/S to be raised to significantly higher levels than those observed for patient 1. Another difference with patient 1 is the low level of NAA, which was not enhanced with age or treatment. The Glx content was extremely variable, although significantly lower than in patient 1. A temporary rise of Glx/S was observed after the institution of SB/DX, immediately followed by a fall as in patient 1. The NAA/Ins-Gly ratio remained dramatically low throughout the disease in comparison with age-matched control subjects and patient 1 (Fig. 5) .
DISCUSSION
The aim of this study was to identify, by using 1 H MRS, abnormalities other than increased Gly in blood and CSF of NKH patients and to investigate alterations of brain metabolism in these patients. The underlying purpose of this approach was to test whether metabolic abnormalities in fluids could be related to a specific cerebral metabolite pattern. Another objective was to define metabolic clues that may have a role in the assessment of the outcome of NKH patients.
Analysis of blood and CSF. The results obtained by 1 H MRS of serum were generally in good agreement with the chromatographic analysis, which was performed in parallel. 1 H MRS was sensitive in detecting metabolite changes in blood and CSF, although some slight discrepancies were noticed when estimating Gly concentration. These differences could stem from an overlap between Gly, Ins, and glucose resonances. Moreover, blood plasma was analyzed by chromatography whereas ultrafiltered blood serum was analyzed by 1 
H
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MRS. This difference may also generate variations in the amino acid concentrations. There is a long-standing observation of general increase in blood and CSF amino acids in NKH (2, 17), albeit not fully exploited. Although Gly biochemistry is well known, these alterations were never given any explanation. Our MRS study of blood and CSF indicates that these deviations can be ascribed to Gly disposal mechanisms and that at least two pathways, essentially linked to L-arginine glycine amidinotransferase (EC 2.1.4.1) and serine hydroxymethylase (EC 2.1.2.1) activities, coexist (Fig. 6, steps 2 and 4) . Lactic acidosis is common in a number of conditions including metabolic inborn errors. We have found high levels of lactate in plasma and CSF of NKH patients, but the cause of this excess of lactate has remained unclear (18, 19) . We suggest it could result from Gly conversion into pyruvate (Fig. 6) . Under normal circumstances, the conversion of serine to Gly is favored. In NKH, high levels of Gly require catabolism, and Gly conversion to serine is a way to reduce Gly. Moreover, patients usually undergo dietary restriction in serine, which necessitates endogenous synthesis from the Gly pool. One end point of this pathway is lactate formation (Fig. 6) . As a matter of fact, other intermediates of this pathway were elevated in all patients, inasmuch as in addition to lactate and serine, high levels of alanine, proline, and pyruvate have been detected. High levels of alanine and proline were persistent in spite of SB/DX treatment. Lactic acidosis associated with hyperalaninemia and hyperprolinemia has been described in a number of metabolic disorders (20, 21) . Excess of alanine originates from lactate conversion to pyruvate and its subsequent transamination into alanine (Fig. 6, step 5) , whereas proline accumulation could result from proline oxidase (EC 1.5.99.8) inhibition by lactate (22) (Fig. 6, step 7) . We also observed an 1 H MRS brain spectra of patients 1 (left) and 2 (right). Proton spectra were recorded from the occipitoparietal white matter at TE ϭ 20 ms. The first spectra at 10 mo (83 wk GA) in patient 1 and at 7 mo (70 wk GA) in patient 2 were the only ones performed before the onset of SB/DX treatment. Brain MRI images of patient 2. Sagittal (A) and coronal (B) T 1 -weighted MR images evidence a severe dysgenesis of the corpus callosum. Axial T 2 -weighted MR images sectioned at the same level (bottom) do not show any progression of the cortical atrophy or evolution in brain myelination. No significant differences were observed. A and B were recorded at the age of 9 mo (TR/TE, 350/10 ms). C-F were recorded at 7, 9, 13, and 15 mo, respectively (TR/TE, 3500/120 ms). 297 increase in plasma cysteine, which could be related to serine hydroxymethylase activity (23) (Fig. 6 ). Taken together, these results indicate that high levels of lactate, pyruvate, alanine, proline, and sulfur amino acids originate from Gly disposal via the action of serine hydroxymethylase. Increased levels of creatine were detected by 1 H MRS in blood and CSF when Gly concentrations were extremely high. This elevation could also result from Gly disposal mechanisms (Fig. 6) (24) . Another frequent feature in NKH patients is the reduced content of glutamine in CSF. Plasma glutamine, which is lowered in a number of conditions (25) (26) (27) by activation of a catabolic pathway or reduction in synthesis, was normal in NKH patients. The level of glutamine in CSF probably reflects changes in cerebral metabolism of glutamine. A hypothesis to explain this decrease could rely on a partial inhibition of brain GS (EC 6.3.1.2) possibly by Gly (Fig. 6, step 8) , as it has been shown that this amino acid can inhibit GS (28, 29) . Finally, the recurrent observation of a dramatic collapse in CSF citrate could indicate a dysfunction of the tricarboxylic acid cycle, which is linked to glutamine metabolism in brain (Fig. 6,  inset) .
MRS of brain.
At birth, Cho and Ins-Gly are the dominant metabolites on the brain proton spectrum. The most evident maturational changes beginning in the perinatal period is the continued increase in the NAA signal relative to the Cho and tCr signals. By approximately 6 mo of age, NAA becomes the major peak and its increase is nearly complete by early childhood (2-5 y) (15) . The longitudinal follow-up of patients 1 and 2 using 1 H MRS of brain allowed us to detect these maturational changes. However, the brain patterns of patients 1 and 2 also showed signs of abnormal brain metabolism, which was more pronounced in patient 2. Patient 1 seemed to be affected by a milder form of NKH whereas patient 2 had a fatal course. In patient 1, Ins-Gly/tCr was significantly higher than the control value before treatment. After the institution of SB/DX treatment, Ins-Gly/S decreased. This fall is partly ascribed to the expected reduction of Ins on aging. Ins is a glial marker, and several cases of gliosis have been reported. Therefore, a reduction of Ins could also reflect an improvement at the level of glial cells as a consequence of the treatment. But previous MRS studies on NKH infants, using a longer spin echo time, have demonstrated that Gly is the main contributor to the signal arising at 3.57 ppm (9) . Consequently, the normalization of the Ins-Gly signal could reflect a fall of Gly itself as there was a concomitant reduction of Gly in blood and to a lesser extent in CSF. A rapid recovery of the NAA signal and a normalization of the NAA/Ins-Gly ratio occurred at 12 mo (91 wk GA). These changes indicate an improvement in neuronal development. Cho/tCr decreased with time and treatment whereas Cho/S showed a trend to increase. This result is in contrast with the expected decline of Cho owing to brain maturation and could reflect abnormal myelination. In patient 2, in parallel to the rise of Gly in CSF, an increase of the Ins-Gly signal was observed in brain. This signal remained dramatically elevated although decreasing toward the age of 13 mo (96 wk GA). The Ins-Gly/tCr was not reduced with age when the contribution of Ins to the signal should be diminished. The higher level of brain Ins-Gly is probably linked to the severe clinical course of this patient. The level of NAA was dramatically low in this child, which is a sign of major neurodevelopmental impairment.
A progressive and persistent increase in tCr was observed in both patients 1 and 2. The difficulty in interpreting this result relies on several factors: 1) there is a physiologic increase of creatine concentration in the occipitoparietal white matter until The control values (in parentheses) are from Kreis et al. 15 . Control values of tCr/S (0.12 Ϯ 0.02) and Ins-Gly/S (0.17 Ϯ 0.03) are from four control subjects (age range, 3-6 y, 196-353 wk GA).
a Analyses performed before the onset of SB/DX treatment. PNA, postnatal age. the age of 80 wk GA (15); 2) creatine is a putative marker of gliosis that is a frequent feature of NKH disease; 3) creatine is produced on Gly conversion; 4) gliosis is associated with increased creatine and Ins, but Ins is raised in proton brain spectra of NKH patients because of the resonance of Gly; and 5) there is a physiologic decrease of Ins concentration (until approximately the age of 130 wk GA) in occipitoparietal white matter with maturation (15) . Taking into account all these possibilities, we suggest that the increase in brain creatine observed in both patients 1 and 2 is not correlated with brain maturation or gliosis. In patient 1, a sustained decrease of Ins-Gly is observed until the age of 6 y, whereas creatine continues to increase and reaches abnormally high levels. This finding is not compatible with gliosis. Moreover, MRI images show an improvement of the cortical atrophy. Patient 2, who suffered from a lethal form of the disease, displayed higher concentrations of brain Ins-Gly and creatine (Table 4 ), but as in the case of patient 1, MRI did not show any progression of the cortical atrophy. Finally, given the increase of creatine in body fluids, the augmentation of brain creatine appears to be part of a diffuse metabolic problem. It is likely to reflect a disposal pathway for Gly as previously described for blood and CSF. Increased CSF creatine was observed in patient 2 before and after treatment but not anymore in patient 1 after the institution of SB/DX treatment. As creatine synthesis by glial cells was demonstrated recently (30) , it is highly probable that elevated brain creatine results from the endogenous conversion of brain Gly to creatine. In view of the improvement of the NAA content with time in patient 1, the marked trend for brain tCr to increase might be a sign of recovery. Interestingly, the fact that tCr reached a higher concentration in patient 1 than in agematched control subjects, in spite of an Ins-Gly/S ratio within the normal range, could ultimately confirm the hypothesis of Gly recycling to tCr. In both patients strong variations in the signals stemming from Glx were observed. In patient 1, Glx signals were elevated in early infancy but decreased thereafter to reach a value within the normal range at the age of 6 y (353 wk GA). In patient 2, Glx signals were much lower than in patient 1, except at the age of 9 mo (78 wk GA), when a level of Glx similar to that observed in patient 1 at the age of 10 mo (83 wk GA) was noticed. A significant increase in Glx has already been reported in a case of NKH (11) . Interestingly, an inverse correlation between NAA recovery and Glx reduction was observed in patient 1. In patient 2, brain Glx dropped at the age of 13 mo (96 wk GA) as almost all brain metabolites did, including NAA, which is the sign of pronounced cellular dysfunction possibly leading to neuronal loss. Finally, the low level of glutamine observed in the CSF of both patients could suggest some abnormality in the brain glutamine metabolism, such as 299 the hypothesis of brain GS inhibition by Gly. This assumption raises the possibility of a diminished supply of glial glutamine to neurons that could result in neuroexcitotoxic injury and impairment of energy production in neurons (31, 32) (Fig. 6 ). This hypothesis could explain the marked deficit observed in CSF citrate and partly underlie the neuronal damage observed in these patients and the astrocytic gliosis and neuronal loss described at autopsy in several cases (2, 33, 34) .
Biochemical markers for the severity of the disease. The lethal form of NKH appeared to be associated with elevated levels of Ins-Gly in brain, high creatine, and reduced NAA. There was a great difference between patient 1, who is affected by a milder form of the disease, and patient 2, who had an adverse course. This was remarkably clear when considering the evolution of NAA/Ins-Gly. Comparative analysis of brain spectral profiles and clinical courses indicated that a low NAA/Ins-Gly ratio carries a poor prognosis.
In conclusion, this study, which aimed at clarifying the biochemistry underlying the pathophysiology of NKH, allowed the identification of pathways for Gly disposal. Although Gly biochemistry is well known, amino acid deviations in NKH have never been thoroughly investigated. In this study we have shown that NKH is associated with increased concentrations of lactate, alanine, proline, and creatine in fluids and a significant elevation of brain creatine as a probable consequence of Gly disposal. The elevation of brain creatine in NKH disease is an absolutely new finding. The identification of NAA/Ins-Gly as an indicator for the severity of the disease could be ultimately applied to monitor and to predict the evolution of NKH and fine-tune the existing and future treatments. In view of the findings of the present study, the combined in vitro and in vivo MRS techniques may play a significant role in the assessment of adverse outcome in NKH disease.
